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Summary 
The Inability of scld pro-l cells to progress to the pre-B 
and B cell stages is believed to be caused by a defec- 
tive recombinase activity that fails to resolve chromo- 
somal breaks resulting from attempted V(D)J recombi- 
nation. In support of this model, we report that certain 
immunoglobulin transgenes, specifically those which 
strongly inhibit endogenous V&o-DJn and Vk-to& re- 
arrangement in wild-type mice, allow scid pro-6 cells 
to progress to the pre-B and B cell stages. This rescue 
of scid B cell differentiation is associated with a dra- 
matic reduction in expression of the recombination ac- 
tivation genes, RAG7 and RAGP, and with reduced 
transcription of the K locus. 
Introduction 
Early B cell differentiation in adult mouse bone marrow can 
be resolved into distinct developmental stages (Sakaguchi 
and Melchers, 1988; Kudo and Melchers, 1987; Hardy et 
al., 1991; Ehlich et al., 1993; Li et al., 1993; reviewed by 
Rolink and Melchers, 1991; Schatz et al., 1992; Chen and 
Alt, 1993). Commitment to the B lineage pathway at the 
early pro-B cell stage (822O+CD43+) is associated with 
expression of the recombinase activation genes, RAG1 
and RAGP, terminal deoxynucleotidyl transferase (TdT) 
and the I,LBNpreB surrogate light (L) chain, and with the 
rearrangement of DH and JH elements; VH-to-DJH re- 
arrangement follows at the late pro-8 cell stage. With the 
occurrence of an in-frame VDJH (VDJ,+) rearrangement, 
the resulting b chain forms a complex with the surrogate 
L chain. The next stage of B cell differentiation, the pre-B 
cell stage (B220+CD43-), is marked by the expression of 
u chains, initiation of Vk-toJk rearrangement, and the 
loss or reduction in TdT and l5/VpreB surrogate L chains. 
Following the production of a K (or 1) L chain, displacement 
of the surrogate L chain from the p/U/VpreB complex, 
and pairing of u and K (or h) chains, pre-B cells progress 
to the B cell stage (B220+ immunoglobulin M+ [IgM+]). 
B cell differentiation does not progress beyond the pro-B 
cell stage in mice with defective V(D)J recombination sys- 
tems, such as in mice with their RAG7 or RAG2 loci inacti- 
vated (RAG-l-‘-or RAG9-‘-mice)(Mombaertset al., 1992; 
Shinkai et al., 1992) or in mice homozygous for the scid 
mutation (scid mice) (reviewed by Bosma and Carroll, 
1991). Pro-B cells in RAG-l’ and RAG-P-‘- mice lack re- 
combinase activity, and in scid pro-B cells, this activity is 
defective. While the scid recombinase activity is able to 
target the consensus recognition sequences (signals) 
flanking V, D, and J coding elements and induce double- 
strand breaks at signal/coding borders (Roth et al., 1992; 
Schlissel et al., 1993), it cannot mediate the formation of 
coding joints at significant frequency (Lieber et al., 1988; 
Malynn et al., 1988; Blackwell et al., 1989; Hendrickson 
et al., 1990; Harrington et al., 1992). The relative inability 
of scid lymphocytes to join coding ends reflects a general 
defect in repair of double-strand DNA breaks (Fulop and 
Phillips, 1990; Hendrickson et al., 1991; Biedermann et 
al., 1991). Thus, most developing scid lymphocytes are 
presumed to die with unrepaired chromosomal breaks re- 
sulting from attempted V(D)J recombination. Recent evi- 
dence indicates that the relative inability of scid mice to 
repair double-strand DNA breaks is due to a mutation in the 
gene coding for the catalytic subunit of DNA-dependent 
protein kinase (Kirchgessner et al., 1995; Blunt et al., 
1995). 
Arrested pro-B cells in scid, RAG-1 -I-, or RAG-2-‘- mice 
can be induced to differentiate into pre-B cells following the 
introduction of a functional u transgene into the genome of 
thesemice(Reichman-Friedet al., 1990,1993; Spanopou- 
louet al., 1994; Younget al., 1994). Furthermore, RAG-l-‘- 
or RAG-P-‘- mice containing separate (P/K) or coin&grated 
(pi), immunoglobulin transgenes have been observed to 
generate substantial numbers of pre-B and B cells in bone 
marrow and spleen (Spanopoulou et al., 1994; Young et 
al., 1994). However, this has not been observed in I.&K 
transgenic scid mice. In this case, few pre-B and B cells 
were found in bone marrow and no B cells were detected 
in spleen (Reichman-Fried et al., 1990). The inability of 
the introduced pK transgene to rescue scid B cell differen- 
tiation was attributed to its inability to inhibit attempted 
rearrangement of endogenous heavy (H) and L chain loci 
in developing scid B cells. 
In support of this idea, we report here that introduction 
of certain u and K transgenes into scid mice, specifically 
those which cause a strong inhibition of endogenous VH- 
to-DJH and VK-toJk rearrangement in wild-type mice, re- 
sults in substantial numbersof peripheral scid B cells. This 
rescue of scid B cell differentiation is associated with a 
dramatic reduction in RAG RNA levels in scid pro-B and 
pm-B cells and with a reduction of K germline transcripts 
in scid pre-B cells, suggesting that the rescue isdependent 
on the ability of transgene-encoded u and K chains to both 
promote B cell differentiation (Spanopoulou et al., 1994; 
Young et al., 1994) and to inhibit (minimize) attempted 
rearrangement at endogenous H and L chain loci. Our 
results indicate that the effect of &din lymphocyte devel- 
opment is limited to its role in V(D)J recombination. 
Results 
B Cell Development 
In an attempt to rescue scid B cell differentiation, immuno- 
globulin transgenes from previously established trans- 
genie lines of wild-type mice, in which rearrangement of 
endogenous H or L chain genes is strongly inhibited, were 
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Figure 1. Two-Color Staining for IgM’- and lgMb-Expressing B Ceils in Spleen of 8- to 12-Week-Old Transgenic s/s and s/+ Mice 
The contour maps show that double-transgenic (3H9Nr8 and Y-Bp8Nr8) s/s and s/+ mice contain IgM* B cells expressing the u allotype of the 
transgenes (lgM*) exclusively; this is also the case for Y-Sp8 s/+ mice. V1c8 s/+ mice contain B cells expressing host lgMb only. VK~ and Y-Bp8 
s/s mice do not differ from nontransgenic s/s mice and lack significant numbers of lgM+ B cells. 
selectively crossed onto the genetic background of scid transgenic scid mice with separately integrated tr and K 
mice. The transgenes included single K (VK~) and P (p/K or ~K/K) transgenes were obtained from inter-crosses 
transgenes (M!%I, 3H9), as well as a transgene construct between mice bearing the VK~ and M54,3H9, or Y-Sp8 
(Y-Sp8) with both a f~ and K gene (PK transgene). Double- transgenes. A description of the original wild-type trans- 
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Table 1. Effect of lmmunoglobulin Transgenes on B Cell Differentiation 
Transgene Bone marrow. Spleen* 
Group P K vk ProB pm-B B B 
s/s 
- 4.5 f 0.8 0.3 <O.l <O.l 
VK8 4.8 f 0.1 0.7 <o.i <o. 1 
M54 2.0 f 0.1 5.8 f 0.2 <O.l co. 1 
3HQ 1.7 * 0.3 4.7 f 0.5 <O.l <O.l 
- Y-Sp6 1.8 f 0.3 5.7 f 1.2 0.7 1.8 * 0.53 
M54 VK8 1.9 * 0.3 0.5 f 0.1 8.4 f 0.4 13.2 f 1.5 
3HQ VKE 0.8 f 0.1 0.7 f 0.2 9.1 f 2.8 53.8 f 12.0 
- VK8 Y-Sp8 1.1 f 0.3 0.7 f 0.2 4.1 f 0.2 18.3 f 2.8 
3.1 f 0.1 18.9 f 3.4 10.0 f 3.4 37.5 f 1.8 
VK~ - 4.3 f 0.4 11.8 f 1.7 11.0 f 1.0 25.1 f 1.5 
t&4 2.5 f 0.3 17.9 i 1.0 5.0 f 0.2 23.8 f 2.3 
Y-sps 1.8 f 0.1 8.9 f 0.7 8.8 f 0.2 24.9 f 3.8 
M54 VK8 1.4 f 0.3 1.2 f 0.3 9.8 f 2.7 12.8 f 1.1 
3HQ VK8 1.1 f 0.1 1.2 f 0.1 13.0 f 0.8 17.5 * 1.0 
- VK8 Y-sps 1.1 f 0.8 3.2 f 1.0 8.3 f 0.8 14.9 f 0.3 
’ Percentages of pro-B (822O+CD43+). pm-6 (B22o*CD43). and B cells (B220+ IgM+) in bone marrow (and spleen) of 8- to 12-week-old transgsnic 
and nontransgenic s/s and s/+ mice were determined by FACS analysis with the gate settings indicated in Figure 3. The values represent the 
mean i SEM for 3-8 mice in each group. 
genie lines is given in Grosschedl et al. (1984) Carmack 
et al. (1991), Erikson et al. (1991), and in Experimental 
Procedures. 
Scid mice containing PK, P/K, or pulu transgenes were 
analyzed for the presence of peripheral B cells expressing 
transgene-encoded pa chains, endogenously-encoded ub 
chains, or both. Representative results are shown in Fig- 
ure 1. As expected, no B cells (B220+lgM+) are detectable 
in the spleen of VK~ scid (s/s) mice, because these mice 
cannot make productive VDJH rearrangements. However, 
scid mice containing both Vu8 and 3H9 transgenes (3H9/ 
VK~ s/s mice) generate splenic B cells, which express the 
IgM’ allotype exclusively. Littermate controls (3H9NK8 
s/+ mice) also generate IgM’-expressing B cells only, indi- 
cating that endogenous VDJH rearrangement is strongly 
suppressed by these transgenes. Similar results to those 
shown for 3H9NK8 s/s and s/+ mice have been obtained 
with M54N~8 s/s and s/+ mice (see Table 1). 
Figure 1 also shows that peripheral B cells are notably 
absent in scid mice with the ILK transgene (Y-SpS), but 
present in the double-transgenic Y-sp8N~8 s/s mice. The 
inability of Y-Sp8 to rescue scid B cell differentiation can- 
not be attributed to a lack of transgene expression, as 
Y-Sp8 s/+ control mice display exclusively the IgMa allo- 
type on their splenic B cells. Further, these mice express 
transgene-encoded K chain RNA in their spleen and ele- 
vated serum levelsof IgM with tri-nitrophenyl binding spec- 
ificity (data not shown), which is the specificity encoded 
by Y-Sp8 (Rusconi and Kohler, 1985). 
To ascertain whether developing scid pro-B cells reach 
the pre-B cell stage in Y-Sp8 s/s mice and to assess the 
general effect of the transgenes on pro-B and pre-B cell 
differentiation in s/s and s/+ mice, we analyzed bone mar- 
row cells of transgenic mice for expression of the cell sur- 
face markers 8220 and CD43. The results are summarized 
in Table 1. Whereas the VK~ transgene alone has no de- 
tectable effect on arrested scid pro-B cells (B220+CD43+), 
the u transgenes, M54 or 3H9, enable scid pro-B cells to 
reach the pm-B cell stage (B220+CD43-). Note that 
Y-Sp8 s/s mice appear no different than M54 or 3H9 s/s 
mice, indicating that Y-Sp8-encoded u chains are able to 
promote the differentiation of pro-B to pre-B cells. How- 
ever, Y-SpG-encoded u and K chains do not allow scid 
prsB cells to differentiate into B cells. As shown later, this 
may reflect an inability of Y-SpG-encoded PK molecules 
to inhibit endogenous VK--foJK rearrangement. 
As indicated in Figure 1 and emphasized in Table 1, the 
VK~ transgene was key to the complete rescue of scid B 
cell differentiation. Introduction of VK~ into Y-Sp8, M54, 
or 3H9 s/s mice resulted in significant numbers of B cells 
in the bone marrow and spleen. Note that, except for 
splenic B cells in 3H9NK8 s/s mice, the percentage of B 
cells in Y-Sp8N~8, M54N~8, and 3H9NK8 s/s mice is 
comparable to that in the transgenic s/+ controls (Table 
1). 3H9NK8 s/s mice usually show a much higher percent- 
age of B cells than their s/+ littermate controls. This is of 
great interest, since the immunoglobulin encoded by 3H9/ 
VK~ binds single-stranded DNA (Erikson et al., 1991). As 
T cells are absent in 3H9NK8 s/s mice, it is possible that 
stimulation by self-antigen results in unregulated expan- 
sion of the B cells in these mice. Of final note is the marked 
reduction in the percentage of pm-B cells in double- 
transgenic s/s and s/+ mice compared with that in u 
transgenic s/s and s/+ mice, respectively. As discussed 
later, this may reflect accelerated B cell development me- 
diated by the transgenes. 
Rearrangement of Endogenous 
Ii and L(K) Chain Loci 
Does the rescue of scid B cell differentiation in the double- 
transgenic scid mice correlate with the known ability of 
the u and VK~ transgenes to inhibit VDJn and VJK recombi- 
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Figure 2. Southern Blots of PCR-Amplified DJH1-3, V7166DJnl-2, 
and VJrcl-2 Products 
The products were recovered from genomic DNA of sorted pro-B and 
pre8 cell populations from & to lo-weekold nontransgenic (non-tg), 
Y-Bp6, and Y-Bp6Nx6 s/+ mice. The primers and probes used for 
the amplification and hybridization of the indicated DJn, V7166DJH, 
and VJK products are described in Experimental Procedures. The 
nonrearranging gene a-actin gene served as an internal control. 
nation? To answer this question, we used polymerase 
chain reaction (PCR) to amplify DJH, VDJH, and VJK re- 
arrangements in genomic DNA from sorted pro-B 
(B220+CD43+) and pre-B (B220+CD43-) cell populations 
of transgenic s/+ mice (note that this experiment could 
not be done in s/s mice due to the lack of detectable VH- 
to-DJH and VK-toJK rearrangement and low frequency of 
DH-toJH rearrangement [Pennycook et al., 1993; Schlissel 
et al., 1993; unpublished data]). We were particularly inter- 
ested in knowing whether the failure of Y-Sp8 to rescue 
scid B cell differentiation correlated with an inability of the 
Y-Sp8-encoded immunoglobulin to inhibit endogenous K 
gene rearrangement. 
Figure 2 shows the recovery of PCR products corre- 
spondingto DJ,,l-3,V7183DJH1-2, andVJ~l-2inYSp8, 
Y-SP~/VK~, and nontransgenic s/+ control mice. It is clear 
from the figure that the same relative amount of DJH prod- 
uct was recovered from all three groups of mice. However, 
little or no VDJH product was detectable in the transgenic 
s/+ mice compared with the nontransgenic s/+ controls. 
Thus, V&o-DJH (but not DH-toJH) rearrangement is 
strongly inhibited in both Y-Sp8 and Y-sp8N~8 s/+ mice. 
However, these mice differ strikingly with respect to VK- 
to& rearrangement. In Y-SP~/VK~ s/+ pre-B cells, VK- 
to& rearrangement is markedly inhibited, while it is not 
inhibited in the pre-B cell population of Y-Sp8 s/+ mice. 
This result is consistent with the original report of ongoing 
VK-toJK rearrangement in Sp8 transgenic mice (Rusconi 
and Kohler, 1985). Similar results to those shown for 
Y-SP~/VK~ s/+ mice were obtained with M54/V~8 s/+ and 
3H9NK8 s/+ mice (data not shown). Thus, the rescue of 
scid B cell differentiation in double-transgenic s/s mice is 
associated with (or dependent on) the ability of the trans- 
genes to inhibit endogenous VH-to-DJH and Vrc-to-JK 
rearrangement. 
RAG RNA Expression in Pro-B and Pre-B Ceils 
We next asked whether the combination of Y-sp8N~8 
(and M54N~8 or 3H9NK8) might inhibit the expression 
of RAG7 and RAG2 in pro-B and pre-B cells and thereby 
inhibit VH-to-DJH and Vrc-to& rearrangement. Therefore, 
pro-B (822O+CD43+) and pre-B ceils (BZO+CD43-) were 
sorted from bone marrow of transgenic s/s and s/+ mice; 
we also sorted B22OCD43+ ceils to serve as an internal 
negative control (see Figure 3; Experimental Procedures). 
mRNA levels of RAG7 and 82-microglobulin (Brim) were 
quantitated in these cell populations by reverse tran- 
scriptase (RT)-PCR The level of RAG7 mRNA was ex- 
pressed as a percentage of the level of Bnrn mRNA, which 
served as an internal standard (Table 2). 
RAG RNA levels are normally up-regulated in pro-B and 
pre-B cells (Li et al., 1993). This is illustrated in Figure 4 
for nontransgenic s/+ mice. RAG RNA is clearly evident 
in pro-B and pre-B cell populations but not in the pro-M/B 
cell population, which includes precursors for monocytes 
and B lineage ceils (see Experimental Procedures). Note 
that pro-B cells in nontransgenic s/s and VK~ s/s mice 
show normal up-regulation of RAG RNA (no data is shown 
under the pre-B cell column as pm-B cells are virtually 
absent in these mice). In contrast, there is no apparent 
upregulation of RAG RNA in pro-B cells of Y-Sp8 s/s 
mice; upregulation appears to be delayed until pro-B ceils 
reach the pre-B ceil stage. A similar result is seen in M54 
and 3H9 s/s mice (Table 2) indicating that expression of 
a u chain can influence RAG RNA expression in the ab- 
sence of a functional K chain gene. u chain-mediated 
reduction of RAG RNA levels at the pro-B cell stage is 
also evident in s/+ mice (see Table 2). 
In Y-sp8N~8 s/s mice, there is a dramatic reduction of 
RAG RNA expression at both the pro-B and prsB cell 
stages (Figure 4). Similar results were obtained with M54/ 
VK~ and 3H9NK8 s/s mice, though these mice showed 
less reduction of RAG expression at the pre-B cell stage 
than Y-sp8N~8 s/s mice (see Table 2). Note that RAG 
RNA levels are only moderately reduced in the pm-B cell 
population of Y-Sp8 s/s mice and may still allow attempted 
VK-to& rearrangement. Indeed, we can readily detect 
broken DNA with JK signal ends in Y-Sp8 s/s mice (Y. C. 
and M. J. B., unpublished data). 
RAG RNA levels in the pre-B ceil population of Y-Sp8 
s/+ mice are also only moderately reduced (Table 2). This 
level of RAG expression appears sufficient for the normal 
initiation of VK-toJK rearrangement, because, as already 
shown, the amount of VJK product recovered from Y-Sp8 
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Non-tg s/s Y-Sp6 s/s Figure 3. Illustration of the Gate Settings for 
the Sorting of Pro-M/B (B220CD43+), Pro-B 
(B22O+CD43+), and Pm-B (B22O+CD43-) Cell 
Populations 
The contour plots show two-color staining 
(8220 and CD43) for Mac-l‘IgM- gated bone 
marrow cells from non-tg s/s and Y-Sp6 s/s 
mice. 
CD43 
s/+ mice was comparable to that recovered from non- 
transgenic s/+ mice (see Figure 2). Intermediate pre-B cell 
levels of RAG RNA are also seen in Y-sp6N~6 s/+ mice 
(Table 2), but in these mice, there is little or no detectable 
VK-to& rearrangement (see Figure 2). The same is true 
for M54N~6 and 3H9NK6 s/+ mice (Table 2; data not 
shown). TherefOr6, the inhibition of VK-to-& rearrangement 
in the double-transgenic s/+ mice does not correlate with 
the level of RAG RNA. 
Transcription at the K Locus 
Although RAG RNA levels were comparable in pm-9 cells 
of Y-Sp6, Y-sp6N~6, M54N~6, and 3H9Nlc6 sl+ mice 
(Table 2), only Y-Sp6 s/+ mice showed significant VK-to-& 
rearrangement (see Figure 2). This suggested that the K 
locus in pm-9 cells of double-transgenic s/+ mice might 
not be fully accessible to the recombinase. As accessibility 
of the K locus for rearrangement appears to be linked to its 
transcriptional activation at the pre-B cell stage (Schlissel 
and Baltimore, 1969) we used RT-PCR to assay the rela- 
tive level of K germline (KO) transcripts (Van Ness et al., 
1961) in pre-B cells of Y-SP~NK~, Y-Sp6, and non- 
transgenic s/+ mice. Our results suggest that the K locus 
may not be fully accessible for rearrangement in pre-B 
cells of double-transgenic mice. As shown in Figure 5, KO 
transcripts are less abundant in Y-sp6N~6 s/+ mice than 
in Y-Sp6 s/+ mice; K’ transcripts are alS0 less abundant 
in Y-S~~NK~ s/s mice than in Y-Sp6 s/s mice. Note that 
the level of KO transcripts in Y-Sp6 s/+ mice is equivalent 
to that in nontransgenic s/+ mice and that, as expected, 
such transcripts are undetectable in scid pro-9 cells. Also, 
similar to p transgenic RAG-‘- mice (Spanopoulou et al., 
1994; Young et al., 1994) the introduction of a p (M54) 
transgene alone into s/s mice results in pre-B cells with 
KO transcripts. 
Discussion 
Rescue of scld B Cell Differentiation by 
lmmunoglobulin Transgenes 
Combinationsof P/K and ~K/K tranSgeneS(MWVK6,3H9/ 
VK~, Y-SP~NK~) that strongly inhibit endogenous VH- 
Table 2. Effect of lmmunoglobulin Transgenes on RAG7 RNA Levels in Pro-8 and Pm-B Cells 
Transgene RAGIIBm x 100’ 
Group c1 K w pro-6 pre-B 
Sk 
M54 
3H9 
M54 
3H9 
Sl+ 
- 
M54 
- 
M54 
3H9 
- 
Kc6 
- 
Vk6 
VK~ 
VK~ 
VK~ 
VK~ 
VK~ 
VK~ 
- 32 2 7.0 
- 34 f 5.0 
1.6 f 0.2 
- 2.0 f 0.3 
Y-Sp6 4.0 f 2.0 
- 5.3 f 1.7 
2.0 f 0.2 
Y-Sp6 2.0 f 0.5 
- 36 f 1.5 30 f 1.0 
32 zt 3.0 53 f 4.0 
- 5.0 f 2.0 22 f 6.0 
Y-Sp6 3.0 f 0.3 16 f 7.0 
3.3 f 2.6 22 * 10.0 
1.0 f 0.2 12 f 0.5 
Y-sp6 3.0 f 0.6 16 f 6.0 
- 
26 f 5.0 
26 ct 1.0 
12 f 3.0 
5.5 f 1.5 
5.0 f 2.0 
2.0 f 0.5 
* RAG1 RNA levels are expressed as a percentage of the &n RNA levels. RAG1 and f%rn levels were ascertained by PCR amplification using 
cDNA from proB and pm-B cell populations. Values represent the mean f SEM. Mice were 6-12 weeks of age. 
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Dilutions 
Pro-M/B Pro-B Pre-B 
AAA 
1 5 25 1 5 25 1 5 25 
to-DJH and VK-toJK rearrangement in wild-type mice were 
shown here to promote the development of significant 
numbers of B cells in scid mice. Few, if any, B cells were 
found in scid mice with the CLK transgene, Y-Sp6, which 
failed to inhibit Vrc-toJK rearrangement. A similar defi- 
ciency of B cells was reported earlier in scid mice with 
another PK transgene, 207-4, which also was unable to 
s/s Pro-B s/s Pre-B 
Figure 5. Southern Blots of RT-PCR-Amplified KO and b2rn Products 
The products were recovered from sorted pm-9 cells of 5464, Y-Sp6, 
Y-S~~/VKB, and nontransgenic mice. Sorted pro-9 cells of non- 
transgenic s/s mice served as a negative control. 
sik 
Non-Tg 
Sk 
Non-Tg 
Y-sp6 
Y-Sp6iV~8 
Figure 4. Southern Blots of RT-PCR-Ampli- 
fied RAGT, RAGP, and 6an Products 
The products were recovered from sorted 
pro-M/B, pro-B, and pm-9 cell populations of 
non-tg s/+ and s/s mice and from VK~, Y-Sp6, 
and Y-S~~/VKB s/s mice. Results are shown 
for different dilutions (l-, 5, and 25fold) of 
cDNA (see Experimental Procedures for de- 
scription of RAG and 6,m probes). As non-tg 
s/s and Vx6 s/s mice lack a pm-9 cell popula- 
tion, the pm-9 column for these mice is blank. 
inhibit endogenous VK-toJK (and VH-toDJH) rearrangement 
(Reichman-Fried et al., 1990). 
The transgene-mediated rescue of scid B cell differenti- 
ation correlated with the ability of the transgenes to inhibit 
RAG7 and RAG2 expression and transcription at the K 
locus. For example, the differentiation of pre-B into B cells 
in Y-SP~/VK~ s/s mice was associated with (or dependent 
on) suppression of RAG RNA expression in developing 
pre-B ceils. Y-Sp6 s/s mice, on the other hand, showed 
moderately up-regulated levels of RAG RNA in their pre-B 
cell population and failed to generate significant numbers 
of B cells. We suggest that inhibition of RAG RNA expres- 
sion and K gene transcription in developing B cells of im- 
munoglobulin transgenic scid mice reduces the frequency 
of lethal DNA breaks associated with attempted VH-to-DJH 
and VK-toJK rearrangement. This, together with theability 
of transgene-encoded u and K chains to promote B cell 
differentiation (Spanopoulou et al., 1994; Young et al., 
1994) presumably enables many scid B lineage cells to 
differentiate into mature B cells. Confirmation that rescue 
of B cell differentiation in Y-SP~/VK~ s/s mice is critically 
dependent on prevention of the up-regulation of RAG RNA 
awaits the demonstration that IgM+ B cells expressing 
Y-SpG-encoded pK molecules can develop in Y-Sp6 s/s 
mice with inactivated RAG7 (or RAG2) loci. 
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Differential Regulstion of Dwto-Jn and 
Vn-to-DJn Rearrangement 
In agreement with previous reports (Rusconi and Kohler, 
1985; Corcos et al., 1991; Costa et al., 1992) we have 
found VH-to-DJH rearrangement to be strongly inhibited in 
~1 and P/K transgenic s/+ mice, whereas DH-toJH re- 
arrangement appears not to be inhibited (illustrated in Fig- 
ure 2). We infer from these results that attempted D&o& 
rearrangement in or and P/K transgenic s/s mice may also 
not be inhibited. Evidence that DKtoJH rearrangement is 
normally attempted in scid pro-B cells is the reported pres- 
ence of low levels of DJH product (Pennycook et al., 1993; 
Schlissel et al., 1993) and normal levels of broken DNA 
molecules with JI.I signal ends (Schlissel et al., 1993) in 
scid bone marrow cells. 
Assuming that developing scid B lineage cells normally 
die from unrepaired breaks resulting from attempted V(D)J 
recombination, it is intriguing that scid B cell differentiation 
can be rescued by ~IK transgenes even though (at- 
tempted) DH-toJH rearrangement may continue unabated. 
However, we have no reason to believe that D&o-J,, re- 
arrangement occurs in every developing transgenic B cell. 
Presumably, it is the fraction of cells that have not yet 
attempted DH-toJH rearrangement (or that have suc- 
ceeded in making one such rearrangement without at- 
tempting a second rearrangement) that benefit from the 
SUpprSSSiOtI of VH-to-DJH and Vk-toJk rearrangement and 
go on to reach maturity. If this is indeed the case, one 
should expect to find a high frequency of unrearranged 
H and L chain alleles in the B cells of P/K transgenic scid 
mice. 
RAG RNA Levels in Pro-B and Pre-B Cells 
of H Transgenlc Mice 
In the pro-B cell population of p transgenic s/s or s/+ mice, 
the level of RAG RNA expression was very low compared 
with that in the pro-B cell population of nontransgenic s/s 
or s/+ mice (see Table 2). The inhibition of RAG RNA levels 
appeared specific for RAG, since the expression of an- 
other pro-B specific gene, 115, was comparable in b 
transgenic and nontransgenic mice (unpublished data). 
Further, the reduction in RAG RNA levels evidently oc- 
curred in the absence of K (or 1) chains, as the correspond- 
ing loci are not usually expressed at the pro-B cell stage 
(Ehlich et al., 1993; Li et al., 1993); also, no L chains are 
detectable in developing B cells of f~ transgenic s/s mice 
(Reichman-Fried et al., 1993). Thus, one could postulate 
that t.~ chains alone, or in association with other molecules 
(such as the surrogate L chain), directly cause the down- 
regulation of RAG expression in pro-B cells and thereby 
inhibit VH-to-DJH rearrangement. Alternatively, the down- 
regulation of RAG expression may be part of an intrinsic 
program associated with progression of pro-B cells to the 
late pro-B/early pre-B cell stage; u chains would serve only 
to promote progression of pro-B cells to the pre-B cell 
stage. 
Regardless of which explanation is correct, significant 
VH-to-DJH rearrangement does not occur without up- 
regulation of RAG RNA expression, while DH-toJH re- 
arrangement is apparently not dependent on (or linked to) 
such up-regulation. The implications of these results are 
the following: the recombinase activity requirements for 
DH-to-J” and VH-to-DJH rearrangement differ; and pro-B 
cells that succeed in making a VDJ”+ rearrangement on 
the first attempt down-regulate their RAG expression and 
effectively exclude VH-to-DJH rearrangement at the other 
allele. If true, the down-regulation of RAG RNA levels must 
occur very rapidly relative to the rate (or initiation) of VH- 
to-DJH rearrangement. 
Given that RAG RNA levels in pro-8 cells are normally 
down-regulated when these cells succeed in making a 
VDJH+ rearrangement, there must be a second wave of 
RAG expression to account for the high levels of RAG RNA 
in pre-B cells (see Table 2; Li et al., 1993). This second 
wave could be required for rearrangement of L chain 
genes. As VH elements appear to be inaccessible to the 
recombinase activity at the pre-B cell stage, H chain genes 
would not rearrange. Evidence for VH inaccessibility is the 
finding that VH588 transcripts are not generally detectable 
in u-positive cell lines representative of early B lineage 
cells (transformed by the Abelson murine leukemia virus, 
A-MuLV), whereas in p-negative A-MuLV-transformed cell 
lines there is high expression of such transcripts (Yanco- 
poulos and Alt, 1985). Also, unrearranged V&88 elements 
show the highest level of expression at day 17 of gestation 
(Yancopoulos and Alt, 1985) just prior to the peak of VH- 
to-DJH rearrangement (Schlissel and Morrow, 1994). 
Direct evidence for successive waves of RAG RNA ex- 
pression in developing B lineage cells has been recently 
obtained by analyzing subfractions of pro-B and pre-B cells 
in normal mice (Y.-S. Li and R. Hardy, personal communi- 
cation). There is also evidence for distinct waves of RAG 
RNA expression in developing thymocytes, where a first 
wave of RAG RNA expression has been shown to coincide 
with TCR 5, y, and 8 gene transcription and a second wave 
with TCR a gene transcription (Wilson et al., 1994). 
Levels of RAG RNA and Ko Transcripts in Pre-B Cells 
of H/L Transgenlc Mice 
Although RAG RNA expression was .moderately up- 
regulated in the pre-B cell population of Y-sp8N~8 s/+ 
mice (and other double-transgenic s/+ mice), VK-toJk re- 
arrangement was strongly inhibited (Table 2; Figure 2; 
data not shown). Thus, in agreement with earlier results 
of others(Wang and Rosenberg, 1993; Chen et al., 1994b), 
the level of RAG RNA is not the only factor controlling 
VK-toJk rearrangement. Other factors would include 
those that control the accessibility of the K locus to the 
recombinase. We suggest that accessibility could be con- 
trolled in part by the abundance (or specificity) of ex- 
pressed i.4~ molecules. For example, expression of ILK 
molecules at the pm-B cell stage might normally signal a 
reduction in accessibility and transcription of the K locus. 
This would strongly inhibit Vk-toJK rearrangement, even 
in pre-B cells that continue to express significant levels 
of RAG RNA, such as in the case of Y-sp8N~8 s/+ mice 
(see Figures 2, 4, and 5). However, pre-B cells with a low 
abundance of pi molecules resulting from poor or imbal- 
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anced expression of p and K chains (or with self-reactive 
PK ITIOleCUleS), may keep their K locus accessible to the 
recombinase. A possible example of this could be the 
pre-B cells in Y-SPG(~K) s/+ mice, which show K” transcrip- 
tion, intermediate levels of RAG expression, and ongoing 
VK-toJK rearrangement (see Figures2,4, and 5). Ongoing 
(secondary) K gene rearrangements have been previously 
reported by others (Fedderson and Van Ness, 1990; Har- 
ada and Yamagishi, 1991) and may reflect a general mech- 
anism whereby developing 6 cells alter their specificity. 
Indeed, evidence for alteration in immunoglobulin specific- 
ity in developing B cells (receptor editing) has been ob- 
served in mice bearing immunoglobulin transgenes that 
code for self-reactive antibodies (Tiegs et al., 1993; Gay 
et al., 1993; Chen et al., 1994a). 
Pre-6 cells in Y-SP~/VK~ s/s mice showed low levels of 
RAG RNA and K’ transcripts, suggesting that these cells 
were unable to attempt VK-toJK rearrangement. Consis- 
tent with this idea, we have found that the frequency of 
DNA breaks at JK signal ends is much reduced in pre-B 
cells of Y-S~~NK~ versus Y-Sp6 s/s mice (Y. C. and 
M. J. B., unpublished data). We interpret these results to 
mean that survival and progression of scid pre-B cells to 
the B Cell stag0 depends on VK-toJK rearrangement not 
being attempted. 
Reduced Numbers of Pro-B and Pre-B Cells in 
lmmunoglobulin Transgenic Mice 
Of final note are the results in Table 1, showing reduced 
numbers of developing B cells in immunoglobulin trans- 
genie mice versus nontransgenic control mice: b (and 
P/K) transgenic mice showed a 2- to 4-fold reduction in 
percentage of pro-B cells and P/K transgenic mice showed 
a 5- to 20-fold reduction in the percentage of pre-B cells. 
The reduced number of pro-B and pre-B cells in B/K 
transgenic mice was particularly striking and may reflect 
accelerated B cell differentiation induced by early synthe- 
sis of transgene-encoded PK molecules. Possibly, there 
is a reduction in cell cycle time or the number of cell cycles 
(or both) during the progression of transgenic pro-B cells to 
the B cell stage. Indirect evidence for transgene-induced 
acceleration of B cell differentiation has been reported 
earlier (Nussenzweig et al., 1966). Further, it has been 
suggested that this might explain the low levels of RAG7 
RNA in the bone marrow of these transgenic mice (Costa 
et al., 1992). Our results show that both the reduced num- 
bers of transgenic pro-B and pre-B cells and the reduced 
levels of RAG RNA in these cells contribute to the overall 
low level of RAG expression in the bone marrow of N/K 
transgenic mice. The extent to which this may reflect ac- 
celerated progression to the B cell stage, resulting in insuf- 
ficient time for developing transgenic B cells to up-regulate 
RAG expression (and/or transcription at the K locus), is 
not clear. To gain more insight into this problem, experi- 
ments are underway to compare the rates of pro-B to B cell 
progression in P/K transgenic and nontransgenic mice. 
Experlmental Proceduree 
Mice 
lmmunoglobulin transgenes from four previously established trans- 
genie mouse lines were selectively backcrossed onto the genome of 
C.B-17lcr scidkid mice (scid mice). The transgene donor lines in- 
cluded one line with a K transgene, Vx6 (Carmack et al., 1991); two 
with p transgenes, M54 (Grosschedl 81 al., 1964) and Vn3H9 (here 
designated as 3H9) (Erikson et al., 1991); and one line with cointo 
grated )r and K genes inserted into the Y chromosome (Y-Sp6). The 
donor lines, with their respective transgenes integrated at a single 
site, were provided by M. Weigerl (VK~ and 3H9), T. Imanishi-Kari 
(M54), and D. Solter (Y-Sp6). Y-Sp6 was made using the Sp6 construct 
of Rusconi and Kohler(l965). Details concerning the source, construc- 
tion and copy number of these transgenes are given in the above 
references. The number of Y-Sp6 copies per genome is four (Y. C., 
unpublished data). The backcrossing and typing of mice homozygous 
and heterozygous for scid (s/s and s/+ mice, respectively) were done 
in the manner previously described (Reichman-Fried et al., 1990). 
Transgenspositive mice were identified by PCR amplification using 
primers specific for the transgsnes (Carmack et al., 1991; Erikson et 
al., 1991) or by DNA blotting using probes specific for the transgene 
vectors, or both. A minimum of five backcrosses onto the C.B-17 back- 
ground preceded the derivation of all transgenic mice used in this 
study. All mice were hemizygous for their respective transgenes. Dou- 
ble-transgenic s/s and s/+ miCe containing M54, 3H9, or Y-Sp6 to- 
gether with VKB were obtained by intercroesing individual transgenic 
lines. For example, 3H9/VK6 s/s and 3H9NK6 s/+ mice were gener- 
ated by the crosses, (3H9/-, a/s) x (VK%, s/s) and (3H9/-, s/s) x 
(VK~/-, +I+), respectively. 
Flow Cytometric Analysis 
Single cell suspensions of bone marrow and spleen were stained with 
various combinations of the following reagents: fluorescein isothiia- 
nate-conjugated anti-CD43 (clone S7) (Hardy et al., 1991); Cy5 (Bii 
logical Detection Systems, Incorporated, Pittsburgh, Pennsylvania) 
conjugated anti-B220 (clone RA3aB2) (Coffman and Weissman, 
1961); biotinylated anti-Mac-1 (clone Ml/70) (Springer et al., 1979); 
biotinylated anti+ (clone AF6-76.25) (Stall and Loken, 1964); and 
fluorescein isothiocyanate-conjugated anti-p’ (clone RS331.12) 
(Schuppel et al., 1967). The antiyb and anti-p. reagents enabled us 
to distinguish between B cells expressing IgM with endogenous or 
transgenwncoded p chains (IgMD or IgMy. Binding of biitinyiated 
antibodies was revealed by Texas red conjugated strepavidin (South- 
ern Biotechnology). Preparation, conjugation, and staining were per- 
formed as described by Hardy (1966). Analyses were performed on 
a dual laser FACStar Plus (Becton Dickinson, Mountain View, Caliir- 
nia). Forward and light-angle scatter gates were set to exclude non- 
lymphoid cells and debris; contour plots include only those cells falling 
within the gate settings. Bone marrow cells were sorted for surface 
characteristics of pmB (B22&CD43+M=l-), pre8 (B22O+CD4$Mac- 
I-IgM-), and B cells (B22O+CD43-Mac-I-lgM+). An additional cell popu- 
lation (B220CD43+Mael-) was also sorted. This population, similar 
to a B220-Mac-I-Ly8A+AA4.1+ population in fetal liir (Cumanc and 
Paige, 1992). is capable of giving rise in culture to monocytes or B 
cells, depending on the culture conditions (Y. C. and M. J. E., unpub- 
lished data). Therefore, we refer to this population as pr*M/B to indi- 
cate that it contains separate and/or bipotential precursors for mono- 
cytes and B cells. 
PCR Analysis of Genomlc DNA 
DNA was obtained from sorted bone marrow cell populations by Gene 
Releaser according to the protocol of the manufacturer (Bioventures, 
Incorporated, Murfreesboro, Tennessee). The status of VH, DH, JH, VK, 
and JK elements was analyzed by PCR using the primers shown below. 
Primers homologous to the sequences of V,,7163 and V”J566 were 
utilized to assess rearrangements of Jn-proximal and Jndistal Vn ele- 
ments, respectively. A primer homologous to the 5’ upstream region 
of the DSP~ family of 0” elements (Kurosawa and Tonegawa, 1962) 
was used to amplify rearranged DJn products. Since the J elements 
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in the immunoglobulin transgenes are Jd(orJk3)and JK~, Jn2-specific 
and Jr&specific primers were chosen for amplifying endogenous 
VDJH and VJK rearrangements. Primers for the nonrearranging a-actin 
gene were also included. Samples were heated to 95OC for 5 min, 
amplified for 26 cycles at 94OC for 60 s, 62’C for 45 s, and 72OC for 
96 s, and followed by a final 10 min extension step at 72OC. The PCR 
product was run on a 1.2% agarose gel, blotted, and hybridized with 
inserts from pJH6.3(Sakanoet al., 1961) pJx(Coleclough etal.. 1981). 
p&,7163 (Yancopoulos et al., 1964). and pActin (Hardy et al., 1991). 
PCR Analysis of cDNA (RT-PCR) 
Populations of sorted cells were lysed in guanidine thiocyanate with 
the addition of 40 pg of ribosomal carrier RNA, as described by Li et 
al. (1993). The lysate was purified on CsCl by ultracentrifugation. RNA 
was reverse transcribed into cDNA with random oligonucleotides. The 
cDNA was serially diluted and that corresponding to RAGI, RAGP. 
and t&m was PCR amplified using the primers described below; &rn 
served as an internal control (the reactions for RAG and &rn were run 
in separate tubes to avoid competition for Taq polymerase). The PCR 
reaction was carried out for 25 cycles of 94OC for 30 s, 60°C for 30 
s, and 72OC for 90 s followed by a 5 min extension at 72OC. The PCR 
products were analyzed by Southern blotting with probes specific to 
RAG1 and RAG2 and Brim. The amount of RAG1 product relative to 
thatof f12rn wasquantitated with aFUJlXBio-imaging analyzer(BASlO- 
OOMacBAS, Fuji Photo Film Company, Limited, Japan). The amount 
of each product was found to be proportional to the input cDNA at 
several different dilutions (data not shown). 
The RT-PCR assay for germline K (I?) transcripts was performed 
in the manner described above, using primers complementary to a 
sequence upstream of Jxi (5’J~l) and to a sequence in the CK coding 
region. PCR products were detected with the ~JK probe. 
Ollgonucleotldss 
Oligonucleotide primers were made in the DNA synthesis facility at the 
Fox Chase Cancer Center. The primer sequences were homologous to 
coding (or flanking) sequences for the genes (or elements) of interest. 
The references for primers Vn7163 and V”J556 (Li et al., 1993), VK 
(Orlandi et al., 1969) 5’ JK~ (Schlissel and Baltimore, 1989). a-actin 
(Hardyet al., 1991) and RAGlIRAG2 (Chun et al., 1991) are indicated 
in the parentheses. DSP, 5’CCGAATTCGTCCTCCAGAAACAACAGACC; 
Jn4,3%CCGGATCCCClTGACCCCAGTAGTCC; Vn7183, B’GCAG- 
CTGGTGGAGTCTGG; VnJ556, 5’CAGGTCCAACTGCAGCAG; J,,2, 
3%CGGATCCCCTGAGGAGACTGTGAGAGTC; VK, 5%GCTGCA- 
GGACATTCAGCTGACCCAGTCTCCA; 5’.t~l, S’CCGGATCCACGC- 
ATGClTGGAGAGGGGGm JK~, 3%CAAGClTflCCAACTl-TGTC- 
CCCGAGCCG; CK, 5’-ATGGATCCAGTTGGTGCAGCATC; a-actin, 
5’-AT-TAACCCTCACTAAAGGTGTCATGGTAGGTATGGGT, 3’-CGCA- 
CAATCTCACGTTCAG; RAGl, 5’-CCAAGCTGCAGACAlTCTAGCA- 
CTC, 3’6AACATCTGCClTCACGTCGATCC; RAGP, B’CACATCC- 
ACAAGCAGGAAGTACAC, 3GGTTCAGGGACATCTCCTACTAAG; 
B2rn, 5’GAATGGG AAOCCOAACATACTGAACTG,3’-TGCTGATCACA- 
TGTCTCGATCC. 
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